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Abstract 
Austenitic stainless steels are generally difficult to machine when compared to carbon or low alloy steels. The presence of Cr, Ni, and Mo 
raises the temperature in the flow zone during machining. These steels are strongly work hardening, and usually bond to the tool forming a 
build-up-edge. The increase of the tool life and better removal rates can be achieved through the use of free cutting austenitic stainless steels. In 
these steels, sulfide and manganese can be added to form sulfide inclusions (MnS) that can induce stress concentration in the deforming 
material and facilitate the chip fracture. Finite element method simulation of the machining was carried out to investigate the influence of the 
inclusions in the machinability of the austenitic stainless steel. The simulation considers that the microstructure of the steel has two main 
constituents; the matrix of austenitic stainless steel and inclusions. Two simulation groups were carried out, the first one analyzing the 
machining cutting process of the workpiece and tool, and the second one was performed in a small area corresponding to a region inside the 
primary shear zone, where the stress concentrator effect of the inclusions in the austenitic stainless steel matrix was analyzed. This procedure 
was repeated for microstructures with different inclusions size, volume fraction and morphologies. The results obtained for the stress 
concentrations and strain near the inclusions showed that inclusions with elongated shapes usually give higher stresses than circular ones. 
Additionally, it was found that increasing the size of inclusions also resulted in higher stresses. 
 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Austenitic stainless steels have poor machinability as they 
have high work hardening and low thermal conductivity. 
Therefore, the need for higher productivity in machining is 
usually achieved through modern machine tools and inserts. 
There is also another possibility to use materials that allows 
higher removal rates by modifying microstructural features. 
Thus, soft particles obtained by the addition of alloying 
elements, such as lead, bismuth, selenium, and manganese and 
sulfur (MnS) can improve steel’s machinability [1].  
Lead is known to be harmful to human beings. For this 
reason, there is a tendency to reduce and eliminate its use in 
steels. Bismuth can be a choice to substitute the lead, although 
it has a high cost. Considering these restrictions, the use of 
manganese sulfide MnS particles is a sensible choice to 
enhance the machinability of steels [1].  
Manganese sulfides improve machinability and acts in 
different regions, along the machining, according to three 
theories. (1) It can reduce the friction coefficient between the 
chip and tool in low and medium cutting speeds and feeds by 
adhering to the rake face of the tool forming a lubricant and a 
protective diffusion barrier [2]. At high cutting speeds and 
temperatures the MnS layer is removed during the cut and its 
lubricant effects cease. (2) MnS particles also induce stress 
concentrations in the primary shear zone due to different 
mechanical properties between the inclusions and the matrix. 
In accordance with the theory that nucleation, growth and 
coalescence of microvoids initiate at points of stress 
concentration, there is a reduction in the flow stress in the 
region and an improvement in machinability [3]. (3) In the 
secondary shear zone, the sulfide inclusion reduces the shear 
stress required for fracture [4]. 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The effect of MnS inclusion size, volume fraction, and 
morphology on machining had been evaluated in several 
experimental works [2,4,5,6,7]. The results showed that the 
volume fraction is an important factor to improve 
machinability, because it reduces the distance between 
sulfides. Elongated inclusions are expected to give a higher 
stress concentration than circular ones and should be 
advantageous, and increasing its size improves machinability 
[2]. 
This work uses finite element simulation to investigate the 
influence of inclusions size, volume fraction and morphology 
on an austenitic stainless steel considering orthogonal cutting 
process. To reach the objectives, two different FEM 
simulations groups were carried out. The first one considers 
the alloy homogeneous, and analyzes the machining cutting 
process of the workpiece and tool to obtain the chip 
temperature distribution, stress and strain fields in the chip and 
workpiece. The second simulation group considers the alloy 
microstructure heterogeneous with two main constituents; the 
matrix of an austenitic stainless steel and inclusions, and was 
performed in a small area corresponding to a region inside the 
primary shear zone. The loading applied was equivalent to the 
one obtained in the first simulation group. 
Two different austenitic stainless steels were evaluated, 
AISI 304 and AISI 303. Both have quite similar chemical 
composition, and mechanical properties, except in relation to 
sulfur levels. Therefore, the properties of the matrix selected 
were the AISI 304 ones.  
2. Simulation 
The numerical simulations were conducted using the 
software Abaqus version 6.12. An elastic-plastic, explicit, 
plane strain, Lagrangian, fully coupled thermo-mechanical 
model was developed for the machining cutting process, and 
the microstructure evaluation. 
2.1. Numerical model of the machining cutting process 
A four node plane strain quadrilateral element, CPE4RT, 
was used for the coupled temperature displacement analysis, 
with automatic hourglass control and reduced integration. 
The workpiece length was taken with 4 mm and its height 
of 1 mm, and was meshed with 12939 elements. The cutting 
tool had 1.4 mm in height and 1 mm length, clearance angle 
Į=11°, rake angle ɀ0=6°, was considered perfectly sharp, and 
modeled as rigid to reduce the calculation time, and meshed 
with 975 elements. The cutting speed vc was set to 100 m/min, 
and the feed rate f=0.2mm/rev. Figure 1 shows the initial 
model configuration and the meshes.  
 
Fig. 1. The model configuration with mesh 
The Johnson and Cook (J.C.) constitutive model [8] was 
used in the machining simulation. The model describes the 
flow stress of a material as the product of strain, strain rate 
and temperature effects. The J.C. constitutive model is given 
by Equation 1. 
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where ı is the equivalent stress, İ is the equivalent plastic 
strain, ߝሶ is the strain rate, ߝሶ଴ is the reference strain rate, A is 
the initial yield stress, B is the hardening modulus, C is the 
strain rate coefficient, n is the strain hardening coefficient, m 
is the thermal softening coefficient, T is the process 
temperature, Tr is the room temperature, and Tm is the melting 
temperature of the workpiece. The Johnson Cook parameters 
utilized are adopted from Lee et al. [9], and are presented in 
Table 1. 
 
Table1. Johnson Cook parameters for AISI 304 [9] 
A (MPa) B (MPa) C n m ߝሶ଴ 
310 1000 0.07 0.65 1 1 
 
The AISI 303 austenitic stainless steel is quite similar to 
AISI 304, however, it has higher values of sulfur, to form 
MnS particles. Table 2 shows the chemical composition of 
both steels. 
 
Table 2. Chemical composition of the austenitic stainless steels [15] 
Material C Mn Si Cr Ni P S 
AISI 303 0.050 1.88 0.48 17.2 8.21 0.036 0.20 
AISI 304 0.055 1.80 0.58 18.1 8.54 0.037 0.03 
 
The workpiece and tool physical properties are shown in 
Table 3. 
 
Table3. Workpiece and tool physical parameters [9,10,11] 
Physical parameter 
Workpiece  
AISI 304 
Tool  
Tungsten carbide 
Density (kg/m3) 80000 12000 
Elastic modulus, E (GPa) 210 540 
Poisson’s ratio, Ȟ 0.3 0.22 
Specific heat, Cp (J/KgK) 500 203 
Thermal conductivity (W/mK) 16.2 (t=373K) 
21.5(t=773K) 
40 
Thermal expansion (μm/mK) 17.3 4.7 
Tmelt (K) 1673 - 
 
An erosion zone was defined to allow the chip separation 
and reduce mesh distortion. A different criterion was utilized 
for the erosion zone and for the chip. The separation zone used 
ductile damage criterion, and the chip zone the shear damage. 
The material is assumed to have damage initiation, and its 
corresponding strain softening, when the damage indicator w, 
according to Equation 2, reaches unity. In Equation 2 the 
parameter οߝ௣  is the equivalent plastic strain increment, and 
ߝܿ
݌
 is the equivalent plastic strain at the onset of damage [12]. 
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Once the damage initiation criterion had been reached, it is 
necessary to evaluate the damage evolution, which is realized 
through the damage parameter D. 
The chip separation zone assumes a linear damage 
evolution with the plastic displacement according to Equation 
3, where ݑҧ is the equivalent plastic displacement, and ݑҧ݂ the 
equivalent plastic displacement at failure. The chip assumes 
an exponential evolution with plastic displacement given by 
Equation 4. 
ܦ ൌ ௅ఌ
௨೑
ൌ ௨
௨೑
              (3) 
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             (4) 
The scalar damage parameter D is used to describe the 
degradation of the material stiffness once the initiation 
criterion had been reached. The material flow equivalent stress 
ߪ is given by Equation 5, where ߪ௛ is the hypothetical flow 
stress that would occur in the absence of damage. An element 
loses its stiffness when D=1. 
ߪ ൌ ሺͳ െ ܦሻߪ௛              (5) 
The tool chip contact interface was modeled according to 
Zorev’s stick-slip contact friction model given by equations 6 
and 7. 
߬௙ሺݔሻ ൌ  ߬௬  , when  Ɋߪ௡ሺݔሻ ൒ ߬௬                 (6) 
߬௙ሺݔሻ ൌ Ɋߪ௡ሺݔሻ, when  Ɋߪ௡ሺݔሻ ൏  ߬௣           (7) 
 
The friction coefficient considered in the simulation was 
μ=0.15, and the maximum value of shear stress Ĳf = 30 MPa. 
2.2. Simulation validation and results 
Temperature distribution in the chip is shown in Figure 2. 
Highest temperatures occur in the secondary shear zone due to 
the high strain, and the friction in the tool and chip interface. 
 
 
Fig. 2. Temperature distribution in the chip 
 
The effective strain obtained is shown in Figure 3. 
 
 
Fig. 3. Effective strain in the chip 
 
Simulated cutting forces for different cutting speeds were 
compared with experiments [13], and from semi orthogonal 
cutting tests carried out in a conventional lathe, using a 
piezoelectric turning dynamometer Kistler 9265B/ 9441B, 
signals conditioner 5070A 11100, and signal processing 
software DynoWare 2825A1-2. The results are presented in 
Table 4.  
Temperatures in the primary shear zone obtained in the 
simulation were compared with an analytical model used in 
Oxley theory (14), and given by Equations 8 and 9. The 
shearing forces Fs were calculated from experimental 
machining forces, whilst the shearing angle was calculated 
from a relation using the undeformed and deformed 
experimental chip thickness. 
szTTT ' K0                (8) 
pchip
ss
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VFT )1( E '              (9) 
where T is the temperature in the primary shear zone, Ͳ is the 
ambient temperature, Ʉ is the percentage of total shear 
deformation energy appearing as sensible heat, and assumed 
as 90% for present analysis, ȟ is the temperature rise in the 
primary shear zone, ȕ is a portion of heat conducted to the 
workpiece from the shear zone, Vs is the chip velocity in the 
primary shear zone, mchip is a mass of chip per unit time, and 
Cp is the material specific heat. 
Table 4. Numerical and experimental cutting forces (Fc), numerical and 
analytical primary shear zone temperature (T) for different cutting speeds (V), 
feed rate f= 0.2mm/rev, ap=2mm.  
V(m/min) Fc(N) 
Numeric 
Fc(N) 
Experim 
AISI 304 
Fc(N) 
Experim 
AISI 303 
T(°C) 
Numeric 
T(°C) 
Analytic 
79 1118 1049 1096 341 412 
100 1116 1052 - 363 434 
127 1140 1041 1039 386 442 
156 1138 973 - 408 417 
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Numerical results show a slight increase in cutting forces 
with the cutting speed. This material tendency cannot be 
observed in the experimental results range presented, 
however, it was shown in an experimental study [13]. 
Austenitic stainless steels have a very high work hardening, 
which causes an increase in forces with the deformation, 
otherwise, temperature increase has a contrary effect, and 
causes a thermal softening. However, the low thermal 
conductivity of the material ensures the localization of this 
effect in a small region. This is probably the cause of the 
cutting force increase with cutting speed. The numerical 
model temperatures are smaller than analytical ones, with a 
tendency to get closer with increasing cutting speeds. 
2.3. Stress evaluation 
The maximum and minimum principal plane stress in 
different positions near and inside the primary shear zone was 
selected to be utilized in the next simulation. 
Figure 4 shows the equivalent Von Mises Stress, with a 
representative flow line with four positions crossing the 
primary shear zone. The corresponding values of maximum 
and minimum plane stress, for each position, were obtained in 
the model, and are presented in Table 4. 
 
Fig. 4. Von Mises stress with positions evaluated along the flow line 
 
Table 4. Maximum and minimum plane stress 
Distance ı1 (MPa) ı2 (MPa) 
0-A 59 -1267 
A-B 118 -1229 
B-C 470 -1151 
C-D 615 -1187 
2.4. Numerical model of a micro region inside the primary 
shear zone 
The microstructure of a micro region inside the primary 
shear zone was simulated. This region considers the material 
heterogeneous with an austenitic stainless steel matrix, AISI 
304, and soft particles corresponding to manganese sulfides 
(MnS). 
Material properties of the steel are the same as in the 
previous simulation. The sulfides properties considered are 
presented in Table 5. The data were taken from [11,16].  
 
Table 5. Manganese sulfide properties 
Parameter Sulfide 
Density (Kg/m3) 40000 
Elastic modulus, E (GPa) 103 
Poisson ratio, Ȟ 0.3 
Specific heat, Cp (J/KgK) 200 
Thermal conductivity (W/mK) 20 
Tmelt (K) 1883 
 
The plastic properties of the manganese sulfides used were 
approximations. This is considered an acceptable assumption 
because accurate properties of sulfide in machining conditions 
are extremely difficult to obtain experimentally. The model is 
used here to help understand the effect of soft particles in a 
metal matrix during machining, and the mechanism involved 
in the process, rather than give exact values of stress, strain 
and forces. 
To estimate the manganese plastic properties a deformation 
index, Ȟ, for the MnS inclusion in the steel matrix was used. 
The deformation index is defined as the ratio of the true strain 
in shear suffered by MnS inclusion by the steel true strain 
during the chip formation process, and was evaluated in [2,7]. 
Based on this information, and some previous simulations 
with different MnS plastic properties, a linear stress strain 
curve is proposed. Figure 5 shows the stress strain curves for 
AISI 304 matrix with JC parameters according to Table 1, and 
the MnS linear strain hardened flow curve proposed. The 
strain rate considered here was ߝሶ ൌ ͳݔͳͲସ, and temperature 
T=675K. 
 
Fig.5. Stress x plastic strain curve 
 
Figure 6 shows the material microstructure considered, and 
used in the simulation. The material is an AISI 303 austenitic 
stainless steel, similar to AISI 304, however, it has higher 
values of sulfur, to form MnS particles. The dark particles in 
Figure 6(a) are the manganese sulfides (MnS).  
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Fig. 6. (a) AISI 303 microstructure, optical microscopy; (b) vectorized image. 
 
 The microstructure image was imported into Abaqus and 
the contours vectorized using splines, the result is shown in 
Figure 6 (b). Only sulfides particles greater than 1μm were 
considered. 
 The maximum and minimum plane stresses obtained in the 
previous machining simulation were utilized in the 
microstructure simulation. The stresses values, and its 
corresponding time, obtained for each position specified in the 
flow line, according to Figure 4, were input in the new model 
as pressure, in an amplitude tabular data. This procedure was 
used to simulate the material microstructure, with 144μm 
length, and 114μm high, passing through the primary shear 
zone along the flow line. 
 Table 6 shows the tabular pressure data and time applied, 
and Figure 7 the boundary conditions with the loads applied. 
 
Table 6. Maximum and minimum pressure and time for each position along 
the flow line 
Distance p1 (mm) p2 (mm) Total time     
t (s) 
0-A 59 -1267 8.083 x 10-5 
A-B 118 -1229 1.617 x 10-4 
B-C 470 -1151 2.546 x 10-4 
C-D 615 -1187 3.191 x 10-4 
 The microstructure was meshed with 56445 quadrangular 
element type CPE4RT, and 1575 triangular elements type 
CPE3T.
 
Fig.7. Microstructure boundary conditions and loads applied 
 
 Sulfides were assembled tied and deformed with the matrix 
in the simulation model. To confirm this assumption an AISI 
303 workpiece was machined and the chip analyzed by 
scanning electron microscopy (SEM). Figure 8 shows, in the 
bottom, severe elongated sulfides in the secondary shear zone, 
and less elongated inside the chip. No cracks around or inside 
the sulfides were observed, as can be seen in Figure 9. The 
presence of MnS was confirmed by EDS analysis (SEM), and 
is presented in Figure 10.  
 
 
Fig. 8. SEM, microstructure of an AISI 303 chip with MnS sulfides. 
vc=50m/min. f=0.2mm/rev., ap=2.3mm 
 
 
Fig. 9. SEM, microstructure of MnS sulfides showing the absence of cracks. 
 
 
Fig. 10. EDS analyses of a MnS particle showing the presence of manganese 
and sulfur. 
 
 The microstructure model proposed assumes some 
simplifications, such as a constant pressure in each distance 
interval, and applied in a certain area. The results tend to be 
exact when the distance interval are reduced, with more 
intervals used, and the analyzed area reduced. The plastic 
deformation phenomenon occurs in each differential area 
along an exact loading path established. 
 Considering the model simplifications, and a comparison 
between a homogeneous and a heterogeneous model, it 
provided reasonable results, and can be used to analyze some 
material microstructure effects in machining. Temperature 
increase, for point C in the machining model, and in the 
microstructure matrix was respectively 140°C and 133°C; 
Von Mises Stress was 1505 MPa and 1400 MPa respectively; 
and the maximum plane strain 0.59 and 0.51 respectively. 
 Simulation results, obtained for different time steps, are 
shown in Figures 11 and 12. 
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 The equivalent plane strain can be observed in Figure 12. 
The higher strain values occur near the particles in regions 
between sulfides.  
 
 
 
Fig. 11 Equivalent plastic strain behavior:  
(a) in the instant time of 8.083 x10-5s, (b) instant of time of 2.546x10-4s. 
 
 The stresses near the inclusions are higher, as can be 
observed in Figure 12. The inclusions size and morphology 
affects the stress concentration. Larger inclusions provide 
higher stresses, and elongated shapes, depending on its 
orientation acts as stress raisers rather than circular ones. 
 
 
 
Fig. 12 Equivalent Von Mises Stress: (a) in the instant time of 8.083 x10-5s, 
(b) instant of time of 2.546x10-4s. 
 
Final remarks 
A FEM simulation model to analyze the microstructure 
effect during machining is proposed, and helps explaining the 
influence of soft particles in a steel matrix, and confirms some 
results obtained in previous experimental works. 
(1) The particle size affects the stress and strain during 
the machining. The higher values of stress and strain 
were obtained near the great particles. 
(2) Elongated particles in the direction of the 
displacement increase the stress and strain.  
(3) The increase in the sulfide volume fraction causes a 
decrease in the distance between sulfides. This is 
probably the most important factor to improve 
machinability, because it can lead to a path with higher 
strains that can enable cracks propagation. 
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